Seabirds, turtles and sharks are often of conservation concern because they are frequently bycatch in fisheries. Fisheries managers shifting from a target species focus to an ecosystembased approach are being required to consider the impact of fisheries on non-target species. There are a range of complementary management tools that help reduce bycatch, such as gear restrictions, temporal restrictions, and bycatch reduction devices. One management approach that is increasingly being considered is fisheries closures. We tested the utility of 3 closure approaches for the improved protection of bycatch species in the South African pelagic longline fishery. As there was some variation where and when different groups of bycatch species were caught, we found that temporary spatial closures were the most effective strategy for both protecting bycatch and minimizing the cost to fishers. This is logical because having mobile closures in space and time provides more flexibility than permanent spatial closures or seasonal closures. However these benefits need to be traded off against the costs and problems of implementing temporary spatial closures. Of the 2 sub-optimal strategies, we discovered that seasonal closures are significantly less effective than spatial closures. KEY WORDS: Bycatch · Marine protected area · Conservation planning · Ecosystem-based fisheries management · Fisheries closure · Threatened species Resale or republication not permitted without written consent of the publisher OPEN PEN ACCESS CCESS Contribution to the Theme Section 'Fisheries bycatch: problems and solutions'
INTRODUCTION
Commercial fishing in offshore ecosystems has a negative impact in 3 possible ways: on the species they target, on bycatch and by reducing the prey base for species that consume the fish the fishery is catching (Croxall & Gales 1998 , Lewison et al. 2004 , Barker & Schleussel 2005 . There is increasing recognition that fisheries management should shift from a target-species approach to an ecosystem-based one where ecosystems are managed holistically across all user sectors (Botsford et al. 1997 , Pikitch et al. 2004 , Morishita 2008 . The United Nations Convention on the Law of the Seas makes it a mandate for countries to implement ecosystem-based fisheries management. This requires an assessment not only of fish stocks and how they interact with each other, but also of the bycatch of nontarget species and the impact on competitors with the fishery (Pikitch et al. 2004 , Smith et al. 2007 .
Spatial conservation strategies, which have a long history in management of terrestrial ecosystems, are being used more frequently in marine ecosystems (Carr et al. 2003) and are particularly relevant for ecosystem-based management (Pikitch et al. 2004 ). Numerous studies have demonstrated the benefits of spatial management, e.g. marine protected areas, for both fisheries management and for the conservation of coastal marine ecosystems (Halpern & Warner 2002 , Gell & Roberts 2003 , Hilborn et al. 2004 , Roberts et al. 2005 . However, the application of spatial management to offshore ecosystems remains limited and its Reducing bycatch in the South African pelagic longline fishery: the utility of different approaches to fisheries closures effectiveness is uncertain (Mills & Carlton 1998 . A potential obstacle associated with applying spatial management in offshore areas is the apparent spatial and temporal dynamics characteristic of these ecosystems (Hyrenbach et al. 2000) . Nevertheless, recent studies provide useful suggestions for applying spatial management in these systems (e.g. Alpine & Hobday 2007) . One proposed solution is the ability to move spatial management zones accordingly to features of interest (Hyrenbach et al. 2000 , Hobday & Hartman 2006 . There is global concern about the bycatch of seabirds, turtles and sharks (Croxall & Gales 1998 , Baker et al. 2007 , Gilman et al. 2008 . In South Africa, the pelagic longline fishery that targets tunas Thunnus spp. and swordfish Xiphias gladius kill a significant number of non-target species as bycatch (Petersen et al. 2007) . We selected 7 of the most frequently caught bycatch species all listed by International Union for Conservation of Nature (IUCN) as threatened or near threatened. This included 3 seabirds, the blackbrowed albatross Thalassarche melanophrys (endangered), the shy albatross T. cauta/steadi (near threatened) and the white-chinned petrel Procellaria aequinoctialis (vulnerable); 2 turtles, the leatherback Dermochelys coriacea (critically endangered) and the loggerhead Caretta caretta (endangered); and 2 sharks, the short-finned mako Isurus oxyrinchus (vulnerable) and the blue Prionace glauca (near threatened). Many of these species are caught as bycatch in significant numbers globally; for example, whitechinned petrels and black-browed albatross are 2 of the most caught seabirds worldwide (Kock 2001) .
We compared the utility of 3 management approaches to help protect these bycatch species from longlining in South Africa. First, we consider the traditional option of temporarily closing the entire fishery. The second approach is a system of permanent spatial closures, more traditional marine protected areas. The third approach is a system of temporary spatial closures where different areas are closed to fishing at different months of the year. We envisage that this case study will be a useful basis for managing longline bycatch in other regions worldwide.
MATERIALS AND METHODS
The study area was the South African exclusive economic zone (Fig. 1 ). Data were collected by independent fishery observers aboard pelagic longline vessels operating in the South African Pelagic Longline Fishery from 1998 to 2005. This information included a record for each longline set, including operational information such as date, position and number of hooks, and the count of each target and bycatch species captured. To compare the utility of different types of closures we used catch rates averaged over all years, divided by observed fishing effort and reported as the numbers of animals caught per 1000 hooks for each spatial or temporal unit of interest.
Optimization of different fisheries closures. To investigate the utility of the 3 approaches (temporary, permanent spatial and temporary spatial) to fisheries closures we defined the general objective function as:
(1) subject to:
(2) where C jt is the cost of closing site j in time t, a ijt is the bycatch avoided by closing site j in month t for bycatch species i, T i is the target bycatch reduction for species i, and X jt is the control variable where X jt = 1 when we close site j in month t and X jt = 0 when site j is open for fishing in month t. For temporary closures, all sites are closed for a set of months, for permanent spatial closures a chosen subset of sites is closed permanently, and for temporary spatial closures there are no constraints on the control variables x jt other than being either 1 or 0.
The study area was divided into 65 sites, which were our candidate areas for selection. We chose 1°squares due to the resolution of data and length of longline sets. We included only sites that were fully contained within the region and removed any smaller than 1°due to land or political boundaries (Fig 1) . We assume that temporary closures are by month, consistent with the data we had.
We calculated the average catch rate of all 7 bycatch species for any given site and or time, depending on the type of closure and set a quantitative target for each Fig. 1 . Study area based on South Africa's exclusive economic zone. Sites are 1°grid cells. These were used as candidate areas for selecting fisheries closures when space was considered species using the entire dataset. These targets were set as 30, 50 and 80% of the summed catch rate across time and/or space. We varied these to determine the influence of target size on the longline fishery.
To minimize the cost of closures to the longlining industry we developed a cost metric c jt that is the sum of the average catch rate of tuna and the average catch rate of swordfish in site j for month t. The higher the cost, the more impact it is likely to have on the longlining industry, assuming that past catch rates reflect future ones. We calculated this metric across time and or space depending on the type of closure. In essence, the aim of the problem is to meet all the bycatch reduction targets for minimum economic cost.
We used the conservation planning software Marxan (Possingham et al. 2000 , Game & Grantham 2008 to select time and or space to achieve bycatch reduction targets for minimum cost. The software does this by minimizing a multivariate objective function (see Possingham et al. 2000 , Game & Grantham 2008 for more technical details on the algorithm and software). The objective function is a combination of the total cost of selection, a penalty for any of the targets that are not met. The selection algorithm used in this software is simulated annealing (Possingham et al. 2000) .
Marxan was run 1000 times with 1 000 000 iterations per run to find both the 'best solution' and the 'selection frequency' for each scenario. The 'best solution' is the set of control variables, x jt , that best achieved the objective function over all runs. As Marxan provides only a nearoptimal solution, different solutions were provided by the 1000 runs. The 'selection frequency' solution shows the number of times a particular control variable was selected across all 1000 runs and provides an indication of conservation importance. For example, in the case of permanent spatial closures, if a site has a selection frequency of 798, then it was selected 798 out of 1000 runs.
RESULTS

Temporal patterns of catch
Swordfish are caught predominantly in the first half of the year and tunas more in the middle of the year ( Fig. 2a,b ). We found that the catch rates for bycatch species varied considerably between species and months ( Fig. 2c-i ). Black-browed albatrosses were caught all year, but chiefly from March to June. Shy albatross also were also caught throughout the year, but peaked in April. White-chinned petrels were caught all year, but mainly June to October and reached a maximum in September. Catch rates for leatherback turtles were highest November to June, but there were no catches in February and March.
Loggerhead turtles were caught primarily in May, June and November. Short-finned makos and blue sharks were caught all year round.
Spatial patterns of catch
We found the areas with the highest target species were largely on the east and west sections of the study region for swordfish and somewhat ubiquitous for tunas ( Fig. 3a,b ). This resulted in a fairly spatially heterogeneous cost metric ( Fig. 3c ) that overlapped considerably with areas of high catch for most bycatch species (Fig. 3d -j) . The black-browed and shy albatrosses had a similar spatial catch distribution, largely along the shelf in the western section of the study region. White-chinned petrels were caught off the south and east coasts. Both turtle species were caught in relatively fewer areas than the other species with no apparent pattern where they were caught. Both shark species were caught across most of the study region but less so in the eastern section of our study region.
Fisheries closures
For temporary closures, we found that 4, 5 and 9 mo were required to achieve a 30, 50 and 80% bycatch reduction target, respectively (Table 1) . The most frequently selected months across all scenarios were January, May, June, September and November.
For permanent spatial closures in general, we found the areas of highest importance were located in the west and southeastern sections of our study region and particularly offshore from Cape Point and Cape Columbine (Fig. 4) . This was consistent when applying different targets. Predictably, an increase in reduction target increased both the area and cost of the solution (Fig. 5) .
For temporary spatial closures using a 50% bycatch reduction target we found the most important areas were to some extent different depending on the month, but were generally located in the western section and, to a lesser extent, in the eastern section of the study region (Fig. 6 ). More sites were required in August, September and November than the other months, indicating the importance of these months. July required the least number of sites. Increasing the reduction target increased the cost to the longlining industry ( Fig. 5) 
Comparison of different fisheries closures
We found for all bycatch reduction targets (30, 50 and 80%) that temporary spatial closures have the least effect on the longlining industry (Fig. 5 ). This was followed by permanent spatial closures, then temporary closures. This difference is greatest between temporary closures and the other 2 approaches when the bycatch reduction target is high. A 50% reduction target could be achieved using temporary spatial closures for a similar cost to a 30% reduction target for permanent spatial closures. Temporary spatial closures also require fewer sites. For example, using a permanent spatial closure and a 50% bycatch reduction target, 15 sites are required (Fig. 4b) .
However, for a temporary spatial closure, depending on the months, between 1 and 12 sites are required (Fig. 6 ). 
DISCUSSION
We found that temporary spatial closures were the most effective strategy, as they achieved the required reduction in bycatch for the minimum cost to the longline fishery. This is to be expected, mathematically, because the control variables for the other 2 methods are a mere subset of the full set of control variables for the temporary spatial closures. For temporary closures there were only 12 control variables, which were each month. This was compared to 65 variables for permanent spatial closures and 780 for temporary spatial closures. In essence, temporary spatial closures provide more options to achieve a better result. More flexibility 295 Fig. 3 . Spatial distribution of species catch rates (per 1000 hooks) and cost metric. Cost metric was based on the summed catch rates of swordfish and tunas Fig. 4 . Permanent spatial closures. For each scenario we ran the analysis 1000 times. We presented the output in 2 ways: (a-c) using best solution of the 1000 runs; (d -f) using the selection frequency, which is the number of times a site (candidate area for selection) was selected across the 1000 runs. We varied our analysis by using different bycatch reduction targets based on catch rates. will lead to more efficient solutions. However, these benefits need to be traded off against the costs and problems of implementing temporary spatial closures.
Designing closures for spatially and temporally dynamic species
All 7 bycatch species varied in when and where they were predominantly caught. Sub-Antarctic birds, such as black-browed albatross, shy albatrosses and whitechinned petrels, migrate to southern Africa in their non-breeding months to forage (Ryan et al. 2002 , Baker et al. 2007 ). This overlaps somewhat with the period when they are most likely to be caught in this region, which for most of these species was between April and October. These birds are known to aggregate on the continental shelf and shelf break (Ryan et al. 2002 , Baker et al. 2007 , which explains the higher catch rates in that region. The west and south coasts appear to be the most important areas for albatrosses, whereas white-chinned petrels were caught also along the east coast. Non-breeder birds are likely to remain in the area for much of the year.
Leatherback and loggerhead turtles arrive on the east coast during the summer months, December to February (Hughes 1989 , Wright 2004 , which partially explains their higher catch rates during this time. Although there are a handful of records showing that leatherback turtles travel down the west coast to South Africa from Angola and Gabon, the majority caught by the South African pelagic longline fishery are likely to be from the South African population (Carr & Carr 1991 , Luschi et al. 2003 , Fretey et al. 2007 ). Postbreeding loggerhead turtles typically move northward into the Western Indian Ocean; therefore, loggerhead turtles caught outside of the breeding season are unlikely to be from the South African population and more likely to be from West African populations (Brongersma 1982 , Luschi et al. 2006 ). Post-breeding leatherback and loggerhead turtles disperse widely in their non-breeding periods to disparate foraging grounds, probably because of differing food requirements (Luschi et al. 2006) . Leatherbacks are typically ocean wanderers and those that have been tracked from the South African population moved south along the continental shelf break to the Agulhas Bank (Luschi et al. 2003 (Luschi et al. , 2006 . Loggerheads tend to remain close inshore, moving from breeding to residential foraging grounds with high site fidelity among individuals (Godley et al. 2003 , Luschi et al. 2006 ).
There is very limited understanding of the seasonal movements of pelagic sharks (Holts & Bedford 1993 , Sepulveda et al. 2004 ). The distribution of short-finned mako and blue shark catches are consistent with their Effect of fisheries closure Bycatch target (%) Fig. 5 . Effect of 3 types of fisheries closures (temporary, permanent spatial and temporary spatial) on the longline fishery for different bycatch targets. The effect is calculated by dividing the cost of the solution with the total cost of sites and/or months Fig. 6 . Temporary spatial closures. The analysis was run based on selecting the best combination of sites and months to achieve a 50% bycatch target. The solution is across all months (a-l) generalist habitat of epipelagic and littoral waters from the surface to depths of 500 m in the case of mako sharks, and oceanic and epipelagic in the case of blue sharks (Holts & Bedford 1993 , Sepulveda et al. 2004 ).
Closures as a fisheries management tool
We provided solution as selection frequencies (Fig. 4d -f ). The advantage of selection frequencies is that they display the flexibility of the solution and provided an indication of alternative configurations of closures. Our approach to designing closures was systematic, transparent and can be adapted as more data becomes available on catch rates, on other species, different targets and alternative cost metrics that might better estimate the likely impact of closures on the longlining fishery. It could also be expanded to incorporate other fishing sectors and management actions.
Higher bycatch targets would increase the protection of bycatch, but this also results in an increase in cost to the longline fishery. Any closure is likely to affect the longline fishery economically. In particular, if closures were implemented around Cape Point, it could have significant economic consequences for the South African fishery. Cape Town is the most frequently used port for this fishery; closures in the area would therefore increase the commuting distance to fishing grounds and as a result wages and fuel costs. If closures included areas where other fisheries occurred, such as demersal longline and trawl fisheries that are known to catch a similar suite of seabird species, these fisheries could also be significantly affected. We did not use size of area as a measurement of cost. In such a case, the design of closures would probably have had a greater impact on the fishery, as selection would not specifically minimize the impact on fisheries.
The true effectiveness of any closures in reducing bycatch is uncertain for several reasons. Given the large movements of all these species, it is possible that species might be simply caught outside closures. Additionally, some seabirds feed on fisheries discards and, consequently, the presence of fishing vessels has been identified as an important determinant of their distribution (Wahl & Heinemann 1979 , Ryan & Moloney 1988 , Furness et al. 1992 , Garthe 1997 , Votier et al. 2004 . For example, the results of a tracking analysis in South African waters suggest that the presence of trawlers can be a strong predictor of both black-browed and shy albatrosses (S. Petersen unpubl. data). If trawlers are allowed within these closures, scavenging seabirds may simply follow trawling vessels out of a longline closed area. A further impediment to area closures is that displaced fishing effort may not reduce the bycatch of vulnerable species overall because of increased fishing intensity outside the closures; thus, overall fishing effort might need to be reduced. Also, complementary management actions such as the use of tori lines, night setting and weighted gear should be implemented simultaneously (Brothers et al. 1999) . Lastly, many of these species move outside of South African waters, so even with adequate protection within South Africa, these species could continue to decline in other regions without protection or mitigation measures in other countries and on the high seas.
The high spatial overlap between fisheries catch of target and bycatch species is likely because many of these species tend to aggregate in areas of high productivity (Piontkovski et al. 1995 , Pakhomov & McQuaid 1996 , Ansorge et al. 1999 , Polovina et al. 2004 . It is because of this behavior that species such as tuna and swordfish can be exploited at economically viable levels (Norse 2006) . While some highly productive areas are fixed in space, such as areas near the shelf break, others are dynamic both spatially and temporally (Hyrenbach et al. 2000) . Adequate protection might, therefore, often require large areas to be closed to fishing to account for this variability but large closures could have undesirable economic consequences (Angel 1993 , Horwood et al. 1998 , Boersma & Parrish 1999 , Botsford et al. 2003 , Alpine & Hobday 2007 . As an alternative to fixed closures, we have shown that moveable closures may help reduce the impact to fisheries of bycatch protection. As an alternative to designing moveable closures using catch rates, Hobday & Hartman (2006) describe a dynamic management approach using oceanographic features known to influence the distribution of the species of interest that is implemented in eastern Australia. In South Africa closed areas based on dynamic features such as mesoscale eddies, where nutrients, and consequently, top predators feed, could be implemented. The movement of the dynamic features could be tracked on satellites to determine where management areas would be located.
CONCLUSION
Closures are likely to be a useful management tool for ecosystem-based fisheries management. We have explored the utility of 3 types of different fishery closures to help reduce bycatch in the South African Pelagic Longline Fishery. We have shown that temporary spatial closures would be the most effective strategy for both protecting bycatch and minimizing the cost to fishers, as this method takes into account the spatial and temporal dynamics of the species of interest. The second best strategy is permanent spatial clo-sures, with the least effective being temporal closures. Implementation of closures is likely to have wider benefits of ecosystem protection, for example to species not considered in our analysis, but will have economic consequences for the longline fishery. Even if closures were implemented, without complementary management strategies that help mitigate bycatch, such as gear type restrictions and coordinated conservation management outside of South Africa in areas where these species migrate, there is likely to be a continued decline in the persistence of these species. 
